We employed a novel diffusion tensor imaging phantom to study intra-and interscanner reproducibility on two 3T magnetic resonance (MR) scanners. Using a phantom containing thousands of hollow micron-size tubes in complex arrays, we performed two experiments using a b value of 1000 s/ms 2 on two Siemens 3T Trio scanners. First, we performed 12-direction scans. Second, on one scanner, we performed two 64-direction protocols with different repetition times (TRs). We used a one-way analysis of variance to calculate differences between scanners and the Mann-Whitney U test to assess differences between 12-direction and 64-direction data. We calculated the coefficient of variation (CoV) for intrascanner and interscanner data. For 12-direction protocols, mean fractional anisotropy (FA) was 0.3003 for Scanner 1 (four scans) and 0.3094 for Scanner 2 (three scans). Lowest FA value on Scanner 1 was 2.56 standard deviations below the mean of Scanner 2. For 64-direction scans, mean FA was 0.2640 for 4000 ms TR and 0.2582 for 13,200 ms TR scans. For 12-direction scans, withinscanner CoV was 0.0326 for Scanner 1 and 0.0240 for Scanner 2; between-scanner CoV was 0.032. For 64-direction scans, CoV was 0.056 for TR 4000 ms and 0.0533 for TR 13,200 ms. The difference between median FA values of 12-direction and 64-direction scans was statistically significant (p < 0.001). We found relatively good reproducibility on any single MR scanner. FA values from one scanner were sometimes significantly below the mean FA of another scanner, which has important implications for clinical use of DTI.
Introduction
A major issue facing users of diffusion tensor imaging (DTI) is that the range of normal fractional anisotropy (FA) values, which are the most commonly used DTI metric, can differ substantially from one magnetic resonance (MR) scanner to another. For instance, in one study, an investigator determined a mean FA value of the genu of the corpus callosum of normal adults using a circular region of interest (ROI) of 0.836 whereas, using a freehand ROI, he determined a mean FA value of 0.785. 1 In another study, a mean FA value of the genu of the corpus callosum in normal individuals was determined to be approximately 0.560. 2 Previous investigators have noted that a number of factors can account for these discrepancies, which include different image acquisition parameters, signal-to-noise ratios, partial volumining effects, and spatial resolution between studies. 1 In addition, an effect of scanner upgrades on FA values has been demonstrated. 3 A significant effect of number of diffusion-encoding directions on FA has also been noted. 4 Finally, a significant effect of the head coil used in a DTI scan on FA values has been shown. 5 These facts raise the question of interscanner repeatability, i.e. whether differences in mean values between study populations imaged on different MR scanners are truly due to differences in the groups of individuals studied or, instead, are due to differences in performance characteristics of various MR scanners.
Various investigators have performed a number of studies to assess interscanner, as well as intrascanner, reproducibility of DTI images using human participants. In some studies, the authors found evidence of relatively high reproducibility for some, but not all, brain regions. 6 In another study of nine human volunteers, the investigators found consistent interscanner bias that slightly improved with a global scaling factor. 7 A number of studies have documented poor inter-scanner reproducibility. One group of investigators has noted that interscanner variability significantly affects the results of longitudinal DTI studies. 3 The same investigators also reported an effect of scanner upgrade on DTI values. In another study, the investigators compared data from four 3T scanners (two different vendors) using tract-based spatial statistics for FA values for each of the sites and found widespread group differences between sites. 8 Because numerous investigators are using DTI to study various diseases in research trials, it is important that the degree of reproducibility on a single MR scanner, as well as on multiple MR scanners, become known. In this study, we employed a novel DTI phantom to study intra-and interscanner reproducibility of FA values.
Methods

Design of the phantom
The outer shell of the phantom is a 15 cm in diameter dome-like structure that contains many thousands of hollow micron-size tubes composed of multifilament polypropylene yarn (Psychology Software Tools Inc). 9 The tubes have an outer diameter of 32 m and an inner diameter of 12 m (Figure 1 ). The tubes are arranged in complex arrays, each having one of the following degrees of tube density: 12.5%, 25%, 50% or 100%. The 100% fiber density region corresponds to 1024 tubes per mm 2 . The variation in fiber densities allows for simulation of disease processes in which axonal loss is characteristic. For each of these fiber densities, the tubes are configured into five individual tracts of the following sizes: 2 mm 2 , 4 mm 2 , 6 mm 2 , 8 mm 2 , and 10 mm 2 and densities 12.5-100%. Thus, a total of 20 test regions exist in the phantom. In addition, these arrays consist of crossing patterns similar to that of axons within brain tissue. Like axons, the tubes both contain water and are separated by water from one another, allowing differing degrees of mobility of microscopic water motion. The phantom also contains reference fluid test regions, which allow quantification of isotropic measures (e.g. T1, T2, proton density, and the apparent diffusion coefficient). In various locations within the phantom, FA values have been shown to increase and radial diffusivity values to decrease, almost linearly with packing density (Schneider, unpublished data).
Scanning the phantom
As a first means of assessing interscanner variability using the phantom, we performed two experiments using two Siemens 3T Trio MR scanners. Both scanners operated syngo MR B19 software and used a 12-channel head coil. All scans were performed using a b value of 1000s/ms 2 . First, we performed a total of seven DTI scans using a 12-direction protocol on each of two 3T MR scanners, four on one scanner (hereafter designated as Scanner 1) and three on another scanner (hereafter designated as Scanner 2). We performed the DTI scans on Scanner 1 over a period of one month and those on Scanner 2 over a period of three months.
We performed a second experiment solely on Scanner 1 using two 64-direction protocols, one using a minimum allowable repetition time (TR) of 4000 ms and the other with a maximum allowable TR of 13,200 ms. We obtained both sequences during the same imaging session for each scan.
For each scanner and/or protocol dataset, we used the Kolmogorov-Smirnov (KS) test to determine whether the data were normally distributed. This test failed to reject the null hypothesis that the data were normally distributed at the 5% significance level, i.e. it indicated that the data were normally distributed. On that basis, we calculated differences in 12-direction data between scanners using a one-way analysis of variance or Tukey's Honestly Significant Difference procedures (using p < 0.05 to show statistical significance). When looking at differences between the 12-direction and 64-direction scans, the KS test showed that these aggregate data were not normally distributed (p < 0.001). Hence, we used the MannWhitney U test procedure (using p < 0.05 to show statistical significance) to show differences. Because the data were not normally distributed, we report measurements between these groups as medians instead of means.
Phantom data processing
We evaluated FA at each fiber compartment using a diffusion tensor model and automated ROI placement. We ran FSL (Jenkinson et al., 2012) dtifit reconstruction on each diffusion-weighted imaging (DWI) series to fit a diffusion tensor model at each voxel and produce FA maps. We constructed a template using a b0 image from a previous phantom scan. ROIs were then hand-drawn as rectilinear volumes on the template for each of the 20 fiber anisotropic compartments with the help of phantom manufacturing diagrams and specifications. We aligned each phantom scan to the template using nonlinear registration tool FNIRT 11 on a b0 image to account for differences in distortion. We then transferred template regions to native DWI space and used them to extract voxels for each fiber compartment from the FA maps. Finally, we computed summary statistics for the FA (i.e. the minimum value, maximum value, mean value, and standard deviation (SD)) across the voxels for each region.
Results
The individual FA values for all 12-direction and 64-direction scans, mean values for each direction scan on each scanner, and the coefficient of variation (CoV) for groups of scans are listed in Table 1 .
The four 12-direction scans on Scanner 1 had a mean FA of 0.3003 AE 0.0098 (range: 0.2906-0.3138). The three 12-direction scans on Scanner 2 had a mean of 0.3097 AE 0.0075 (range: 0.3022-0.3172) (Figure 2 ). The mean FA values of the 12-direction scans on the two MR scanners did not differ significantly. Notably, the lowest FA value on Scanner 1 (i.e. 0.2906) was 2.56 SD (or 6%) below the mean for Scanner 2. These facts are notable given the relatively small number of scans. Figure 2 shows that the FA values on Scanner 2 were generally higher than those obtained on Scanner 1. It also shows that the degree of overlap of the data between Scanner 1 and Scanner 2 is relatively low, as evidenced by the fact that the upper 25th percentile of Scanner 1 values does not overlap with the lower 75th The median FA value of the 12-direction sequences was 0.3022 and the median value of the 64-direction sequences was 0.2649. Based on the non-normal distribution of all data obtained using all imaging protocols from both MR scanners, we calculated the difference between 12-direction data and 64-direction data using the Mann-Whitney U test procedure. We found a statistically significant difference (p < 0.001). Furthermore, the CoV for the 64-direction TR of 4000 ms pulse sequence (i.e. 0.0559) and the 64-direction TR of 12,300 pulse sequence (i.e. 0.0533) were both higher than the CoV for the 12-direction pulse sequence on Scanner 1 (i.e. 0.0326) and Scanner 2 (i.e. 0.0242). Finally, the CoV between the two 64-direction pulse sequences (i.e. 0.0520) was higher than the CoV between the 12-direction pulse sequences on Scanner 1 and Scanner 2 (i.e. 0.0315).
Discussion
In this study, we set out to assess interscanner variability in FA values between two MR scanners obtained using 12-diffusion encoding directions, and in one scanner, between two 64-diffusion encoding gradient protocols. When evaluating any single 12-direction scan performed on Scanner 1 relative to the mean 12-direction scan FA value obtained on Scanner 2, we found some substantial differences. For instance, the lowest FA value obtained using a 12-direction imaging session on Scanner 1 was approximately 2.6 SD below the mean FA value obtained on 12-direction scans on Scanner 2. This fact is especially important for two reasons. First, the two MR scanners were essentially the same instruments, even down to the employment of the same software and very similar head coils. Hence, very similar imaging environments can produce different FA values that clinicians might incorrectly determine to be meaningful on individual patient assessments. Second, in many imaging studies that use DTI as a biomarker to distinguish normal brain tissue from diseased tissue (e.g. traumatic brain injury (TBI)), a threshold of 2 SD has been used. 12 Thus, a finding of an FA value on one MR scanner that is 2.6 SD below the mean FA value of a second scanner of the same vendor and model and using a similar head coil is important. To place this finding in perspective, a large percentage of the abnormal FA values in a study of blast-related TBI patients were within 2.6 SD of the normal mean. 12 Similarly, the 6% difference of the lowest FA value on Scanner 1 relative to the mean FA value of Scanner 2 is similar to the degree of difference in mean FA values between normal individuals and mild TBI (mTBI) patients in a number of studies. For instance, in one article comparing individuals diagnosed with mTBI against normal controls, the decreases in FA values were 7% in the splenium of the corpus callosum, 6% in the genu of the corpus callosum, and 4% in the posterior limb of the internal capsule. 13 A number of other studies have reported a similar degree of difference between normal individuals and mTBI patients. 14, 15 Our study found significantly higher FA values on the 12-direction scans than on the 64-direction scans. A study in humans has also found a significant difference in FA values as a function of number of diffusionencoding directions. 4 Interestingly, that study found that the direction of change in FA values when increasing the number of diffusion-encoding gradients depended on the FA value already seen on scans with a relatively low number of diffusion-encoding gradients. Specifically, in regions with high FA values on scans obtained with relatively few diffusion-encoding gradients, FA values increased with an increasing number of diffusion-encoding gradients. This increase was associated with an increase in the contrast-to-signal variance ratio between the region of white matter studied and adjacent regions. In regions with low FA values on scans using relatively few numbers of diffusion-encoding gradients, however, the FA value decreased on scans with increasing numbers of diffusion-encoding gradients. It is possible the decrease in FA values on 64-direction scans in our study is due to a difference in the contrast-to-noise ratios between 12-direction and 64-direction scans. Nonetheless, the exact cause is not yet determined and will be a matter of future study.
In summary, our initial findings from the use of the DTI phantom indicate relatively good reproducibility both for 12-direction scans and 64-direction scans on any single MR scanner. In some instances, however, FA values from an individual scan were significantly below the mean value of another scanner. Importantly, such a decrease was of a degree similar to that noted in studies of mTBI patients. This fact has important implications for clinical use of DTI, for it indicates that low FA values on one MR scanner could be significantly higher on another MR scanner. Finally, we found that FA values from 64-direction MR scanners were significantly different from those obtained from 12-direction scans, even on the same MR scanner. This fact emphasizes the need for avoiding combining findings from different imaging protocols in a common database. 
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